This study aimed to determine the effect of jasmonic acid (JA), Acibenzolar-S-Methyl (ASM) and calcium silicate (a source of soluble silicon, Si), on the potentiation of soybean resistance to Asian soybean rust (ASR). The ASR severity was significantly reduced on plants sprayed with ASM or supplied with Si in comparison to plants sprayed with JA or deionized water. For chitinases (CHI), significant differences in activity between non-inoculated and inoculated plants sprayed with deionized water or with ASM occurred at 72 hours after inoculation (hai), at 24 and 72 hai when sprayed with JA and at 141 hai when supplied with Si. For β-1,3-glucanases (GLU), significant differences in activity between non-inoculated and inoculated plants sprayed with deionized water occurred at 24, 48 and 141 hai, but not until 72 for plants sprayed with ASM. For phenylalanine ammonia-lyases (PAL), significant differences in activity between non-inoculated and inoculated plants occurred only for plants sprayed with ASM at 72 and 141 hai. In conclusion, the ASR symptoms can be mild on plants sprayed with ASM or supplied with Si and that this amelioration likely involved the defense enzymes.
INTRODUÇÃO
Asian soybean rust (ASR), caused by the fungus Phakopsora pachyrhizi, is one of the most destructive diseases of soybean (Sinclair and Hartman, 1999) . The initial symptoms of ASR are chlorosis of polygonal shape in the leaves delimited by the veins that evolve later to brown lesions where uredia containing numerous urediniospores arise (Sinclair and Hartman, 1999) . ASR is a difficult disease to control due to the highly aggressive nature of the pathogen and the absence of cultivars with satisfactory levels of resistance (Yamanaka et al., 2010) . The greatest damage caused by ASR is the early defoliation of the plants (Li et al., 2010) , which results in a reduction in the number of pods, number 2. MATERIAL AND METHODS
Soil amendment with silicon
The soil type used in the experiments was a Si-deficient typical Acrustox red-yellow latosol collected at the Triângulo Mineiro savanna area and showing the following characteristics: 530 g.kg -1 of clay; pH in KCl=4.8; P (Mehlich-1)=0.5 mg dm -3 ; K (Mehlich-1)=13 mg dm -3 ; Al 3+ , Ca 2+ , Mg 2+ , H + +Al 3+ =0.1, 0.0, 0.0 and 3.8 cmol c dm -3 , respectively; base saturation=2% and organic mat-ter=2.3 dag kg -1 . The concentration of available Si (extraction in CaCl 2 ) was 11.8 mg dm -3 . Each plastic pot (Ecovaso, Jaguariúna, SP, Brazil) was filled with 2 kg of air-dried, sieved (5 mm) soil. The calcium silicate used as the Si source (AgroSilício®, Harsco Minerais Ltda, Timóteo, Minas Gerais, Brazil) was composed of 10.5% Si, 25% Ca and 6% Mg. The calcium silicate was incorporated into each pot at the rates of 0 and 1.75 g kg -1 of soil, which corresponded, respectively, to 0 and 0.39 g of elemental Si per kg of soil. Calcium carbonate (40% Ca, Sigma-Aldrich, São Paulo, Brazil) and magnesium carbonate (MgCO 3 , Sigma-Aldrich, São Paulo, Brazil) were added at the rates of 1.19 and 0.48 g kg -1 of soil, respectively, to the pots that did not receive Si in order to equilibrate the amounts of Ca and Mg in this treatment with the amounts present in the pots that received 1.75 g of calcium silicate. The amounts of Ca and Mg among the treatments were fixed at 0.27 and 0.05 g, respectively, per pot. The soil in each pot was incubated for 60 days with an approximate humidity of 65%.
Plant growth and treatments
Soybean seeds from cultivar MG/BR 46 (Conquista), susceptible to P. pachyrhizi, were surface sterilized in 10% NaOCl (v/v) for 5 minutes, rinsed in sterilized water for 3 minutes and sowed at the rate of four seeds per pot. Five days after emergence, each pot was thinned to two plants. Soil in each pot was fertilized before sowing with 1.63 g of calcium phosphate per kg of soil and with 30 mL of a nutrient solution containing, in g L -1 , 6. O and 0.37 g L -1 EDTA disodium was also applied after seedling emergence and repeated weakly.
The treatments were performed on plants grown in Si-deficient soil and sprayed with the following: (i) deionized water (control), (ii) 0.4 g L -1 ASM (Bion ® 500 WG, Syngenta Crop Protection Inc., São Paulo, Brazil) and of grains per pod and total grain weight (Ogle et al., 1979) . Although ASR can be preventively controlled by spraying fungicides, this practice is becoming increasingly expensive as the production costs of such fungicides rise (Yorinori et al., 2003) .
General pathogen resistance can be induced through the application of jasmonic acid (JA), ethylene (ET) and salicylic acid (SA) as well by biotic agents such as plant-growth-promoting bacteria, all of which lead to the activation of numerous defense mechanisms during pathogen infection (Dong, 1998) . The activation of host defense mechanisms using JA, ET and SA has been reported for cucumber, potato, rice, tobacco, and tomato (Schweizer et al., 1998; Achuo et al., 2004; Halim et al., 2007) .
In addition to these inducers of resistance, the application of silicon (Si) can also reduce the severity of many diseases in many plant species, mainly because it is involved in the potentiation of multiple host defense mechanisms (Datnoff et al., 2007; Brunings et al., 2009; Shetty et al., 2012) . It is believed that Si acts as a physical barrier after being deposited under the cuticle, resulting in a cuticle-Si double layer (Yoshida et al., 1962) that can prevent or delay pathogen penetration, thereby prolonging the incubation period and even the latent period (Datnoff et al., 2007; Resende et al., 2009) . Moreover, in the presence of Si, plants infected by pathogens generally exhibit increased production of phenolics and phytoalexins, increased activity of chitinases, peroxidases and polyphenoloxidases and the transcription of genes encoding for β-1,3glucanases, peroxidases and PR-1 (Datnoff et al., 2007) besides increased formation of papillae and callose and hydrogen peroxide deposition in the infected cells (Shetty et al., 2012) . In field experiments, foliar applications of potassium silicate reduced ASR severity Lemes et al., 2011) .
The foliar application of inducers of resistance (JA and ASM) and the growth of soybean plants on soil amended with a soluble source of Si prior to inoculation with P. pachyrhizi can possibly reduce the ASR symptoms through the activation of host defense responses. The plant hormone JA and the inducer ASM operate on two separated routes that lead, respectively, to induce systemic resistance and systemic acquired resistance. On the other hand, Si is a mineral that after being translocated from roots to the shoots can act both as a physical barrier to avoid or delay pathogens penetration or potentiate mechanisms of defense. Based on the above information, the present study aimed to determine whether the reduction of ASR severity can be linked with an increase in the activities of defense enzymes chitinases, β-1,3-glucanases and phenylalanine amonia-liases on plants after being sprayed with JA and ASM as well as supplied with Si.
(iii) 2 mM JA (Sigma-Aldrich, São Paulo, Brazil) 24 h before inoculation with P. pachyrhizi. The fourth treatment consisted of plants grown in soil amended with calcium silicate. Deionized water as well as the solutions of ASM and JA were sprayed on the adaxial and abaxial leaf blades of each plant until runoff using a VL Airbrush atomizer (Paasche Air-brush Co., Chicago, IL, USA). Gelatin 1% (w/v) was added to the sterile water to aid conidial adhesion to the leaf blades. Each plant received 25 mL of deionized water as well as the solutions of ASM and JA.
Inoculation of plants with Phakopsora pachyrhizi
Soybean plants at V6 growth stage (Fehr and Caviness, 1977) were inoculated with a suspension of urediniospores of a monopustular isolate of P. pachyrhizi (1×10 5 urediniospores mL -1 ) 24 hours after the spray of deionized water, ASM and JA. The isolate was previously multiplied in plants of the cultivar MG/BR 46 (Conquista). A total of 100 µL of inoculum was transferred to 10 Petri dishes containing potato-dextrose-agar media and homogeneously distributed on each dish using a Drigalsky glass stick. Petri dishes were kept in complete darkness in a growth chamber at 25 °C. After 24 hours, lactophenol was added to the plates to stop urediniospore germination. One hundred urediniospores were examined, which were considered germinated when the germ tube was longer than its diameter. Urediniospore germination was observed under a light microscope (Carl Zeiss Axio Imager A1) at 400 x magnification. A total of 100 urediniospores were randomly evaluated from each Petri dish to calculate the percentage of germination, which was found to be 89±3%. After inoculation, the plants remained in a mist chamber at a temperature of 24±2 °C and relative humidity of 90±5% for 24 h in the absence of light. After this period, the plants were transferred to a plastic mist growth chamber inside a greenhouse for the duration of the experiments. The temperature inside the plastic mist growth ranged from 28±2 °C (day) to 20±2 °C (night). The relative humidity was maintained at 92±3% using a misting system in which nozzles (model NEB-100; KGF Company, São Paulo, Brazil) sprayed mist every 30 minutes above the plant canopy. Relative humidity and temperature were measured with a thermo--hygrograph (TH-508, Impac, Brazil).
Assessment of Asian soybean rust severity
The severity of ASR was evaluated on the fourth, fifth and sixth leaves of each plant at V6 growth stage (Fehr and Caviness, 1977) per replication of each treatment at 18 days after inoculation (dai) according to the symptoms scale proposed by Godoy et al. (2006) .
Determination of foliar silicon concentration
After the experiment, all leaves from each plant, replication and treatment were collected, washed in deionized water, dried for 72 hours at 65 °C and ground to pass through a 40 mesh screen with a Thomas-Wiley mill. The foliar Si concentration was determined according to Dallagnol et al. (2011) . Dried leaf tissue was digested with a nitric-perchloric solution (3:1, v/v) and the concentration of Ca was determined by atomic absorption spectrophotometry.
Determination of chitinases, β-1,3-glucanases, peroxidases, polyphenoloxidases and phenylalanine ammonia-lyases activities
The trifoliate leaves at stages V3 and V4 (Fehr and Caviness, 1977) of plants inoculated or non-inoculated with P. pachyrhizi for the replications of each treatment were collected to determine the activities of chitinases (CHI, EC 3.2.1.14), β-1,3-glucanases (GLU, EC 3.2.1.39), peroxidases (POX, EC 1.11.1.7), polyphenoloxidases (PPO, EC 1.10.3.1) and phenylalanine ammonia-lyases (PAL, EC 4.3.1.5) at 24, 48, 72 and 141 hours after inoculation (hai). The collected leaves were placed in aluminum foil, frozen in liquid nitrogen and stored at -80 °C until analysis.
For the extracts used in the determinations of CHI and GLU activities, 0.3 g of leaf tissue was powdered in liquid nitrogen in a mortar with the addition of 2% polyvinylpyrrolidone (PVP) w/v. The powder obtained was homogenized in 2 mL 50 mM sodium phosphate (pH 6.5) containing 1 mM phenylmethylsulfonyl fluoride (PMSF). The homogenate was centrifuged at 20,000 g for 25 minutes at 4 °C and the supernatant was used as extract for enzyme determination. The activity of CHI was determined by the method of Roberts and Selitrennikoff (1988) modified by Harman et al. (1993) . The reaction was initiated by addition of 20 mL aliquots of the supernatant to a mixture of 470 mL of 50 mM sodium acetate (pH 5.0) and 10 mL of the substrate p-nitrophenyl-β-DN-N›-diacetylchitobiose (Sigma-Aldrich, São Paulo, Brazil) at a concentration of 2 mg mL -1 . The reaction mixture was incubated in a water bath at 37 °C for 2 hours. The reaction was stopped by addition of 500 µL 0.2 M sodium carbonate. In control samples, only the sodium carbonate was added after adding the extract to the reaction mixture and the samples were incubated in a water bath at 37 °C for 2 hours. The absorbance of the final product was determined at 410 nm in a spectrophotometer (Evolution 60, Thermo Scientific, Waltham, MA, USA). The molar extinction coefficient of 7x10 4 mM -1 cm -1 was used to calculate CHI activity, which was expressed as μmoles of p-nitrophenyl produced per minute per mg of protein. The GLU activity was determined as described by Lever (1972) . The reaction was initiated by addition of 20 µL aliquots of the supernatant to a mixture of 230 µL of 100 mM sodium acetate (pH 5.0) and 250 µL of the substrate laminarin (Sigma-Aldrich, São Paulo, Brazil) in the concentration of 4 mg mL -1 . The reaction mixture was incubated in a water bath for 30 minutes at 45 °C. After the incubation period, the amount of reducing sugars was determined by adding 250 µL of dinitrosalicylic acid to the mixture, followed by incubation in a water bath for 15 minutes at 100 °C. The reaction was stopped by cooling the samples in an ice bath to the temperature of 30 °C. In control samples, the reaction mixture was the same, except that the plant extract was added after heating the mixture at 100 °C. The absorbance was measured at 540 nm and GLU activity was expressed in absorbance units per minute per mg of protein.
To obtain the extracts used for determination of POX and PPO activities, 0.3 g of leaf tissue was powdered in liquid nitrogen in a mortar with addition of 2% PVP (w/v). The powder obtained was homogenized in 2 mL 100 mM potassium phosphate (pH 6.8) containing 1 mM PMSF and 0.1 mM ethylenediaminetetraacetic acid (EDTA). The homogenate was centrifuged at 1,200 g for 15 minutes at 4 °C and the supernatant was used for enzyme determination. POX and PPO activities were determined by the oxidation of pyrogallol according to the method of Kar and Mishra (1976) . For POX activity, an aliquot of 100 µL of the extract was added to a mixture of 475 µL distilled water, 375 µL 100 mM potassium phosphate (pH 6.8), 300 µL 100 mM pyrogallol and 300 µL 100 mM hydrogen peroxide. For PPO activity, the mixture was composed of 100 µL of the extract, 475 µL distilled water, 375 µL 100 mM potassium phosphate (pH 6.8) and 300 µL 100 mM pyrogallol. The absorbance was measured at 420 nm in a spectrophotometer every 10 second for 1 minute after addition of the extract to the mixture. The molar extinction coefficient of 2.47 mM -1 cm -1 was used to calculate the POX and PPO activities (Chance and Maehley, 1955) , which were expressed as mol of purpurogallin produced per minute per mg of protein. Throughout the process, the reaction tubes were covered with aluminum foil to protect the mixture from oxidation by light.
To obtain the extract to determine the PAL activity, 0.3 g of leaf tissue was powdered in liquid nitrogen in a mortar with the addition of 2% PVP (w/v). The powder obtained was homogenized in 2 mL 50 mM sodium borate (pH 8.7) containing 5 mM β-mercaptoethanol and 1 mM EDTA. The mixture was centrifuged three times at 20,000 g for 30 minutes. The supernatant was used as substrate to determine the PAL activity. The reaction was initiated by adding 0.25 mL of the extract to a mixture containing 1 mL 0.1 M sodium borate (pH 8.7) and 0.5 mL 20 mM L-phenylalanine. The reaction mixture was incubated in a water bath at 30 °C for 1 h. In control samples, the extract was replaced by 1 mL sodium borate buffer. The reaction was interrupted by addition of 33 µL 6 M HCl. The absorbance of the derivatives of trans-cinnamic acid was measured in a spectrophotometer at 290 nm and the molar extinction coefficient of 10 4 mM -1 cm -1 (Zucker, 1965 ) was used to calculate the PAL activity, which was expressed in μmol.min -1 .mg -1 protein.
All enzyme determinations were performed in triplicate. The protein concentration in each sample was determined according to the method of Bradford (1976) .
Experimental design and statistical analysis
For the assessment of ASR severity, the experiment was arranged in a completely randomized design with four treatments and ten replications. A 4×2 factorial experiment, consisting of four treatments and plants that were non-inoculated or inoculated with P. pachyrhizi, was arranged in a completely randomized design with twelve replications for the determination of enzyme activities. Each experimental unit consisted of one plastic pot with two plants. The experiment was repeated twice. Data from ASR severity were analyzed by analysis of variance (ANOVA) and the means of the treatments were compared by Tukey's test (p≤0.05) using SAS (version 6.12; SAS Institute, Inc., Cary, NC). For each enzyme studied, means from the non-inoculated and inoculated plants for each treatment at each evaluation time were compared by the t-test (p≤0.05) using SAS.
RESULTS

Asian soybean rust severity
The final ASR severity was significantly reduced on the leaves of plants sprayed with ASM or grown in soil amended with calcium silicate in comparison to plants sprayed with JA or deionized water (Figure 1 ).
Silicon concentration in leaf tissue
The Si concentration in leaf tissue of plants grown in soil amended with calcium silicate was significantly higher (2.6 g per kg of dry weight) compared to plants sprayed with ASM, JA and deionized water (0.60, 0.43 and 0.51 g per kg of dry weight, respectively). There were no significant difference among the treatments ASM, JA and deionized water. The Si concentration in leaf tissue showed a similar trend for the treatments as determined in a preliminary experiment (data not shown).
Enzyme activities
For non-inoculated plants sprayed with deionized water, CHI activity increased from 24 to 72 hai and decreased at 141 hai (Figure 2a ). For inoculated plants, CHI activity increased from 24 to 48 hai, decreased at 72 hai and increased thereafter (Figure 2a ). The CHI activity for non-inoculated plants sprayed with ASM increased from 48 to 72 hai and decreased thereafter (Figure 2b) . For inoculated plants sprayed with ASM, CHI activity increased from 24 to 48 hai, decreased at 72 hai and remained constant thereafter (Figure 2b) . For non-inoculated plants sprayed with JA, CHI activity increased from 24 to 48 hai and then remained constant (Figure 2c ). For inoculated plants, CHI activity increased from 24 to 48 hai and decreased at 72 hai, after which the activity remained constant (Figure 2c ). For non-inoculated and inoculated plants grown in soil amended with calcium silicate, CHI activity increased from 24 to 48 hai (Figure 2d ). In the non-inoculated plants, CHI activity decreased at 72 hai and remained constant thereafter (Figure 2d ). For inoculated plants, CHI activity increased at 72 hai and then remained constant thereafter (Figure 2d ). Significant differences between non-inoculated and inoculated plants sprayed with deionized water or sprayed with ASM occurred at 72 hai, at 24 and 72 hai for JA spray and at 141 hai when grown in soil amended with calcium silicate (Figure 2a,b,d) .
For non-inoculated plants sprayed with deionized water, GLU activity increased from 24 to 48 hai and decreased thereafter (Figure 3a ). For inoculated plants, GLU activity increased from 24 to 48 hai and then remained constant (Figure 3a) . The GLU activity for non-inoculated plants sprayed with ASM increased at 48 hai, decreased at 72 hai and increased at 141 hai (Figure 3b ). For inoculated plants sprayed with ASM, GLU activity increased from 24 to 48 hai and remained constant thereafter (Figure 3b ). For non-inoculated plants sprayed with JA, GLU activity was constant for all sampling times (Figure 3c ). For inoculated plants, GLU activity increased from 24 to 48 hai, decreased at 72 hai and increased at 141 hai (Figure 3c ). The GLU activity for non-inoculated plants grown in soil amended with calcium silicate decreased from 24 to 48 hai and increased until 141 hai (Figure 3d ). For inoculated plants, GLU activity increased from 24 to 48 hai and decreased until 141 hai (Figure 3d ). Significant differences between non-inoculated and inoculated plants sprayed with deionized water occurred at 24, 48 and 141 hai and for those sprayed with ASM treatment only at 72 hai (Figure 3a,b) .
POX activity in non-inoculated and inoculated plants sprayed with deionized water showed the same tendency, but POX activity was lower for non-inoculated plants at 24 and 141 hai (Figure 4a ). For non-inoculated and inoculated plants sprayed with ASM, POX activity increased from 24 to 48 hai, decreased at 72 hai and increased thereafter with the highest values occurring for non-inoculated plants (Figure 4b ). Non-inoculated and inoculated plants sprayed with JA showed an increase in POX activity from 24 to 48 hai (Figure 4c ). In the non-inoculated plants, POX activity decreased at both 72 and 141 hai (Figure 4c ). For inoculated plants, POX activity increased at 72 hai and stayed high thereafter (Figure 4c ). For non-inoculated plants grown in soil amended with calcium silicate, POX activity increased until 72 hai and remained constant thereafter ( Figure 4d ). For inoculated plants, POX activity increased from 24 to 48 hai, decreased at 72 hai and increased thereafter (Figure 4d ). Significant differences between non--inoculated and inoculated plants sprayed with deionized water or grown in soil amended with calcium silicate occurred only at 141 hai (Figure 4a,d) .
PPO activity in non-inoculated plants sprayed with water increased from 24 to 48 hai, decreased at 72 hai and increased thereafter (Figure 5a ). For inoculated plants sprayed with water, PPO activity increased from 24 to 141 hai (Figure 5a ). For non-inoculated plants sprayed with ASM, PPO activity increased from 24 to 48 hai, decreased at 72 hai and increased thereafter (Figure 5b ). For inoculated plants sprayed with ASM, PPO activity increased from 24 to 48 hai, remained constant until 72 hai and increased at 141 hai (Figure 5b) . For non-inoculated plants sprayed with JA, PPO activity increased until 72 hai and decreased at 141 hai (Figure 5c ). For inoculated plants, PPO activity increased from 24 to 48 hai, decreased at 72 hai and increased thereafter (Figure 5c ). For Figure 3 . Activity of β-1,3-glucanases in leaf tissue of soybean plants inoculated or non-inoculated with Phakopsora pachyrhizi that previously received the spray of (a) deionized water, (b) Acibenzolar-S-Methyl, and (c) jasmonic acid or were grown in (d) soil amended with calcium silicate. Comparisons between inoculated and non-inoculated plants for each time point followed by an asterisk (*) are significantly different by the t-test. Bar at each point represents the standard error of the mean. GLU: β-1,3-glucanases; I: inoculated; NI: non-inoculated. Figure 2 . Activity of chitinases in leaf tissue of soybean plants inoculated or non-inoculated with Phakopsora pachyrhizi that previously received the spray of (a) deionized water, (b) Acibenzolar-S-Methyl, and (c) jasmonic acid or were grown in (d) soil amended with calcium silicate. Comparisons between inoculated and non-inoculated plants for each time point followed by an asterisk (*) are significantly different by the t-test. Bar at each point represents the standard error of the mean. CHI: chitinases; I: inoculated; NI: non-inoculated. Figure 4 . Activity of peroxidases in leaf tissue of soybean plants inoculated or non-inoculated with Phakopsora pachyrhizi that previously received the spray of (a) deionized water, (b) Acibenzolar-S-Methyl, and (c) jasmonic acid or were grown in (d) soil amended with calcium silicate. Comparisons between inoculated and non-inoculated plants for each time point followed by an asterisk (*) are significantly different by the t-test. Bar at each point represents the standard error of the mean. POX: peroxidases; I: inoculated; NI: non-inoculated. Figure 5 . Activity of polyphenoloxidases in leaf tissue of soybean plants inoculated or non-inoculated with Phakopsora pachyrhizi that previously received the spray of (a) deionized water, (b) Acibenzolar-S-Methyl, and (c) jasmonic acid or were grown in (d) soil amended with calcium silicate. Bar at each point represents the standard error of the mean. PPO: polyphenoloxidases; I: inoculated; NI: non-inoculated. (Figure 5d ). For inoculated plants, PPO activity increased from 24 to 48 hai, decreased at 72 and increased at 141 hai (Figure 5d ). There was no significant difference between non-inoculated and inoculated plants for any treatment (Figure 5a-d) .
For non-inoculated plants sprayed with deionized water, PAL activity increased constantly from 24 to 72 hai and remained constant until 141 hai (Figure 6a ). The PAL activity increased for inoculated plants sprayed with deionized water from 24 to 48 hai and decreased thereafter (Figure 6a ). For non-inoculated plants sprayed with ASM, PAL activity increased from 24 to 48 hai, decreased at 72 hai and increased thereafter (Figure 6b ). For inoculated plants sprayed with ASM, PAL activity increased constantly from 24 to 141 hai (Figure 6b ). For non-inoculated plants sprayed with JA, PAL activity increased until 48 hai, decreased at 72 hai and remained constant thereafter (Figure 6c ). For inoculated plants, PAL activity increased from 24 to 48 hai, decreased at 72 hai and increased thereafter ( Figure 6c ). For non-inoculated plants grown in soil amended with calcium silicate, PAL activity increased until 72 hai and decreased at 141 hai (Figure 6d ). For inoculated plants, PAL activity increased from 24 to 48 hai, decreased at 72 hai and remained constant at 141 hai (Figure 6d ).
Significant differences between non-inoculated and inoculated plants occurred only when they were sprayed with ASM at 72 and 141 hai (Figure 6b ).
DISCUSSION
Even though many studies have investigated the soybea-P. pachyrhizi interaction, information concerning the biochemical events in response to inducers of resistance such as JA and ASM as well as Si application is, to the best of our knowledge, missing. In the present study, differential responses were observed in the ASR severity and the activity of defense enzymes depending on the inducer used or Si application. Soybean resistance to ASR was enhanced when plants were sprayed with ASM or grown in soil amended with calcium silicate.
The intensities of diseases in crops of economic importance such as barley, corn, cucumber, oats, rice, rye, soybean, sorghum, strawberry and wheat can be decrease by Si (Datnoff et al., 2007) . In the present study, the increase in the Si concentration in leaf tissue of soybean plants grown in soil amended with calcium silicate contributed to reduce the ASR severity. Cruz et al. (2012) reported that in leaflets of soybean plants supplied with Si and inoculated with P. pachyrhizi, uredia were smaller and fewer in number with reductions of 27, 23 and 60% in the number of lesions, closed uredia and open uredia, respectively, in comparison to leaflets of plants non-supplied with Si. Lemes et al. (2011) reported reductions of 43 and 36% of the area under ASR progress curve for plants grown in soil amended with Si and sprayed with potassium silicate, respectively. Reductions of 65% in the severity of ASR occurred with potassium silicate spray .
The CHI and GLU are enzymes that catalyze the hydrolysis of the carbohydrates chitin and β-1,3-glucan, respectively, which are found in the cell wall of several fungi and release oligosaccharides that may elicit host defense responses (Keen and Yoshikawa, 1983 ). In the present study, an increase in CHI activity occurred early in the onset of ASR symptoms for plants supplied with Si, whereas GLU activity was enhanced only for plants sprayed with ASM. Thus, it is evident that the coexistence of these two hydrolytic enzymes is important for the restriction of colonization by P. pachyrhizi in soybean leaf tissue.
POX plays a role in the host defense response through the production of antimicrobial quantities of H 2 O 2 , in cell wall lignification or cross-linking with the cell wall proteins (Chittoor et al., 1999; Torres et al., 2006) . In the present study, there was a trend toward increased POX activity in the early onset of ASR. However, the contribution of this enzyme to soybean resistance to ASR was inconclusive. In contrast, an increase in the amount of POX transcripts in plants of a rice cultivar susceptible to Pyricularia grisea and supplied with Si was reported by Datnoff et al. (2007) . A relationship between PPO activity and soybean resistance to P. pachyrhizi infection was not found in the present study. Rice and cucumber plants supplied with Si and inoculated with Bipolaris oryzae and Podosphaera xantii, respectively, showed an increase in the activities of POX and CHI (Dallagnol et al., 2011; Liang et al. 2005) . Pereira et al. (2009) reported that soybean plants sprayed with ASM showed reduced symptoms of ASR without any contribution of CHI, GLU, POX, PPO, PAL and lypoxygenase. However, in the present study, plants sprayed with ASM showed an increase in PAL activity at 72 and 141 hai and GLU activity at 72 hai. Interestingly, among all of the enzymes studied, only PAL showed a trend toward increased activity in plants sprayed with ASM. The L-phenylalanine is converted to trans-cinnamic acid by PAL, which results in the synthesis of various phenolic compounds and phytoalexins and ultimately lignin (Campbell and Sederoff, 1996) . Therefore, the high level of PAL activity in the leaves of plants sprayed with ASM suggests the importance of the phenylpropanoid pathway for soybean resistance against infection by P. pachyrhizi. Increased PAL activity as a result of ASM spray was also reported for the interactions cowpea-Fusarium oxysporum f.sp. tracheiphilum (Rodrigues et al., 2006) and banana--Fusarium oxysporum f.sp. cubense (Saravanan et al., 2004) . According to Liang et al. (2005) , strong PAL activity was dependent on the level of basal resistance of cucumber cultivars to P. xanthii.
The results of this study reinforce the reports in the literature showing that the symptoms of ASR can be ameliorated through ASM spray and supplying Si to the plants and add the novel information that this process involves the participation of the enzymes CHI, PAL and GLU. Figure 4 . Activity of peroxidases in leaf tissue of soybean plants inoculated or non-inoculated with Phakopsora pachyrhizi that previously received the spray of (a) deionized water, (b) Acibenzolar-S-Methyl, and (c) jasmonic acid or were grown in (d) soil amended with calcium silicate. Bar at each point represents the standard error of the mean. POX: peroxidases; I: inoculated; NI: non-inoculated.
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Figure 4. Activity of peroxidases in leaf tissue of soybean plants inoculated or non-inoculated with Phakopsora pachyrhizi that previously received the spray of (a) deionized water, (b) Acibenzolar-S-Methyl, and (c) jasmonic acid or were grown in (d) soil amended with calcium silicate. Comparisons between inoculated and non-inoculated plants for each time point followed by an asterisk (*) are significantly different by the t-test. Bar at each point represents the standard error of the mean. POX: peroxidases; I: inoculated; NI: non-inoculated.
